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ABSTRACT 


A method of measuring lifetimes of excited nuclear levels has 
been developed using the resonance fluorescence technique. The method, 
using a continuous energy source of Compton scattered gamma rays, was 


63 and cy? and 


applied to the measurement of the excited levels of Cu 
lifetimes of several levels were calculated when and where statistical 
errors were small enough to give reliable results. 

A complete review of the theory of the nuclear resonance 


fluorescence technique and the related experimental methods involved 


in the measurement of nuclear lifetimes are also included. 
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INTRODUCTION 


The study of nuclear resonance fluorescence provides one with 
very useful information concerning the transition probability of 
fast gamma ray transtions, whose lifetimes are beyond the range of the 


oo to 1071! Secs. 


delayed coincidence methods, that is shorter than 10 
The sensitivity of the resonance fluorescence method increases with 
decreasing lifetime i.e. with increasing level width. Although only 
transitions leading to the ground states of stable nuclei can be 
studied, the knowledge of the branching between competing gamma ray 
transitions will allow one in some cases to draw conclusions 

concerning transitions between excited states. 

In addition to the information concerning transition probabilities 
obtained from the magnitude of the resonance effect, the study of the 
angular distribution of the resonant radiation represents a direct way 
of determining spins of excited states, multipole orders of transitions, 
and mixing ratios in the case of mixed transitions. 

The resonance fluorescence technique of measuring level widths was 
proposed long before experiments were done on the subject because 
recoil energy losses upon emission and absorption of radiation 
presented the main obstacle to using a given isotope as the source of 
exciting radiation and as the scattering material. It was not until 
the 1950's with the advent of ultra-centrifuges that the emission and 
absorption lines could be made to coincide by the Doppler shift of 
the emission line, and thus a measurable resonance fluorescence 
effect could be observed. Even today, the main drawback to the resonance 


fluorescence technique is obtaining a source of radiation which satisfies 
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the necessary conditions for fluorescence. 

In this thesis, the development of a new technique to measure 
lifetimes by the resonance fluorescence technique is described. The 
motive for the development was to find a method of measuring lifetimes 
which would substantiate results obtained by the Doppler Shift 
Attenuation Method and at the same time be independent of the 6 Mv 
van de Graaff accelerator at the University of Alberta. This was 
important since lengthy running times were expected in order to get 
good statistics. 

The method is new in that a continuous energy source of Compton 
scattered gamma rays, obtained without the use of an accelerator as 
is the case for bremsstrahlung production, is used as the source of 
resonant radiation. This continuous energy source overcomes the 
problem of energy losses upon emission and absorption of radiation 
which proved the main obstacle in previous work on the resonance 
fluorescence technique. 

The thesis is divided into two main sections. Since the 
theory of resonance fluorescence is insufficiently described in all 
papers, a complete literature search is necessary in order to obtain 
all the information needed to understand the theory. Also the 
nomenclature used by various authors is different and thus it was 
felt that a total review of the theory using a consistent notation 
would be very useful. The first section gives a review of the theory 
of resonance fluorescence and the experimental techniques involved. 
The second section describes the experimental method developed, the 


experiments carried out and the calculated results. 
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SECTION 4 
THEORY OF RESONANCE FLUORESCENCE 


For a photon of energy E, the cross-section for resonance 
fluorescence where direct gamma transitions to the ground state is the 
only mode of de-excitation, is given by Bethe and Placzek (1) for an 


isolated level as 


2 2 
o°(E) _ tx (2d141) E 


2 qe 
2(2dot1) (E-E,)+ 21 


where J, and Jo are the total angular momentum of the excited state 
and ground state respectively. The factor of two in the denominator 
expresses the multiplicity caused by the two possible independent 
polarisations of the photons. 

If other de-excitation processes are possible, the total width 
of the excited state can be written as the sum of the partial widths 

emt = jr 
U 


th 


The cross-section for photoexcitation followed by the i~ mode of 


de-excitation is then 
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nx (20141) Pet 
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2(2dgtty” | (EsE,) + aT 
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Wa is the partial width for direct gamma ray transition to the ground 
state. Summing over all possible modes of de-excitation, the cross- 
section for resonance absorption is 
2 
of (E) = (2J1+1) RF 
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DOPPLER EFFECT 


The actual absorption lines are much wider than indicated by 
eq.3 because of the Doppler effect. The effective energy E' for a 
gamma ray, the absorbing nucleus moving towards the source of radiation 


with velocity v, is given by 


If the velocities of the nuclei in the absorber are assumed to be 
distributed according to a Maxwellian distribution function, the 
probability of a velocity component v in the direction of the source 
is 

w(v)dv = v¥(M/2nKT) exp(-Mv°/2KT)dv 5 
where M is the mass of the nucleus, K is Boltzmanns constant and T 


is the absolute temperature of the absorber. Now 
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and therefore the distribution of the effective energies is 
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is the Doppler width. Writing eqs.1, 2, and 3 as 
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where aoe refers to the values of the pure dispersion-form cross- 
section for E=E in eqs.1, 2, and 3. To obtain the effective cross- 
section for gamma rays of energy E the above expression has to be 


averaged over all possible values of E'. Thus one obtains 


nr 


o(E,t) = {o°(E')w(E')dE' = ae v (x,t) 


where SUE = 5 We t= 2A/t “and 
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where y = 2(E' - E/T 


v(x,t) is in general a complicated function of x. However, simple 


expressions can be obtained for certain cases as shown by Bethe (2): 


a) for t very small (purely natural width r >a) 


] 
(x,t) = ——- 
py Cae 


and hence eqs.9 and 10 reduce to eq.8. 


b) for t very larae (pure Doppler width A=r) and x<ete 


i x? 
w(x,t) = — exp | 


c) for xSte and any t 
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(x,t) a+ 2) 


d) for x = 0 (exact resonance) and any t 


ylo,t) = “Fexp(t™){1 - 0) 


where 6 is the Gaussian error function 
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In the special case of small t (natural width), eq.14 reduces to unity, 


meaning that in this case the cross-section at exact resonance is equal 


to es . In the case of large t (Doppler width) one has 
_ vn 
v(0,t) 7 t 


meaninc that the cross-section at resonance is reduced to 
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Since these intearations probably cannot be carried out analytically 
Melkonian et. al. (3) resorted to the use of series expansions and 


numerical methods. w(x,t) may always be calculated from the convergent 


series 
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is convenient, but must be used with care. »(x,t) for several values 
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Fig.1. w(x,t) as a function of x for several values of t. (Melkonian 
et. al.1953.) 


Since for the larce majority of qamma ray transitions = >100 One can 


use ea.12 and thus obtain for the cross-section 
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op) (E) = 7 e120) ex} | Eee | 15 
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making eq.15 a very useful expression for the effective cross-section. 


Considering ea.9 and the fact that 


| w(x,t) dx = 9 


it is clear that the integrated cross-section 
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Doppler width. For the case of pure resonance fluorescence el) 


it takes the form 


2, 
o(E,t) dE = ———— n°3‘r iy 
205 aad | 


In discussing the effect of the thermal motion of the absorbing 
nuclei the velocity distribution was assumed to be Maxwellian. This 
is a good assumption as long as gaseous materials are involved. 
However, in ordinary resonance experiments the absorbers are solids 
as well as the scatterers, and the question of the velocity distribution 
of the absorbing nuclei is more complicated. Lamb (4) has treated 
this problem in connection with neutron resonance experiments and his 
discussion also applies to the gamma ray problem. Provided that the 
crystal may be treated as a Debye continuum and that the lattice 
binding is weak 

Tree (At Tr )2-2Ko 

where © is the Debye temperature, the absorption line was shown to have 
the same form as it would have in a gas at a temperature corresponding 
to the averace energy per vibrational degree of freedom of the lattice. 
This means that in the expression eq.7 for the Doppler width one has 
to use an effective temperature lie a which is some what higher than 
the actual temperature. The ratio of the effective temperature lotr 


to the actual temperature T is, accordinc to Lamb 
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Fig.2 shows the correction factor required in the expression for the 


Doppler width by taking into account the crystalline binding. 
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Fig.2. Correction factor taking into account the crystalline binding. 
The scales to the right and on top of the figure apply to the upper 
curve, those to the left and at the bottom apply to the lower curve. 
(Lamb 1939.) 


The recoil energy losses upon emission and absorption of 
radiation present the main obstacle to using a given isotope as the 
source of the exciting radiation and as the scattering (absorbing) 
material. As long as the emitting and absorbing nuclei can be 
considered to be free the recoil energy loss in each process is 

NEE ere 
2Mc 
where M is the mass of the nucleus. Consequently, the line emitted 


from the same isotope is off resonance by an amount 


e.g. for a gamma ray of energy 500kev in a nucleus of atomic weight 
100, AE. = 2.68ev 
which is much larger than the expected natural width and also 


considerably larger than the Doppler width at room temperature. 
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A = 0.37ev 
Pollard and Alburger (5) derived the relation eq.19 in their first 
attempts at resonance fluorescence. Considering an energy level E 
and the emitted radiation of frequency Ve from a nucleus of mass M, 


then by conservation of energy and momentum one obtains 


2 
Mv = Pare ee ame 20 


Substitutine one into the other one then obtains 
aie 
Vv 


E i 
5 + hve = E 21 
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Mc 


and therefore the recoil energy is 
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SCATTERING EXPERIMENT 


The most common resonance fluorescence experiment with gamma 
rays is the scattering experiment. A typical experimental arrangement 


is shown in tig.3. 


SCATTERER 


Ee Pb 
(TT) nevimet 
{yy at 


Fig.3. Experimental arrangement used for the resonant scattering 


experiments. 


Unless the branching ratio to the ground state is small, this 
method affords the best discrimination against background radiation 
Since the elastically scattered quanta rather than the inelastically 
Scattered quanta is more easily detected. 

The cross-section for elastic resonance is obtained from eq.2 
by setting rst: The thermal agitation is then taken into account 


using eq.9 and the effective cross-section becomes 
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For a thin scatterer, the number of scattered quanta is proportional to 


(E) dE 24 


if N(E)dE is the number of gamma rays in the energy range dE present 
in the exciting beam. Provided N(E) is a slowly varying function of E 


as compared with the rapidly varying o.(E), eq.24 becomes 


DD 32 
= N(E)gn x (Dea 25 


which is independent of the Doppler width of the absorption line. 

Because of the negligible variation of the electronic absorption 
cross-section o, over the range of interest in the integrations above, 
the 'shape' of the spectral distribution N(E) of the exciting radiation 
is not affected by the electronic attenuation in the scatterer and the 
scatterer may be treated as thin even if De] as long as nDo (E.)<1 
Here n'D is the total number of nuclei per sq.cm., and nD the number of 


resonant type nuclei per sq.cm. o sl Ey is the effective peak resonance 


a 


absorption cross-section. 

If, on the other hand, no (E,) is not small compared with unity, 
the incident spectrum will be selectively depleted in the region of the 
absorption line as the beam penetrates into the scatterer and thus N(E) 
at a certain depth will be different in 'shape' from N(E) at the 
surface. The scatterer then has to be considered as thick and independent 
of the magnitude of the electronic attenuation. 


If one assunes that A>Ir the effective cross-section has the 


Doppler form for pure resonance fluorescence i.e. IT = ies 
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op (E) = g®2 (rv¥n/2A) ieee = Evan? | 


For a thick scatterer, the number of gamma rays scattered at a depth x 


out of an element dx by resonance fluorescence is 


‘CO 


S(x)dx = ndx op(EIN(E)ng(Esx)exp| -nxop (E)| dé 6 


O 
where N(E)dE is the number of incident gamma rays at x=0 in the energy 
interval dE, n is the number of nuclei per cm? of the isotope under 
study and 


ng (Ex) = exp(- n.o.X) 


is the electronic attenuation. Expanding the exponential in eq.26 and 
making use of the slow variation with E of N(E) and ng (E»x) the 


integration over E can be carried out and one obtains 
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In the above formulae g is the ratio of the statistical weights of 
the excited and ground states respectively, \ is the wavelength of 
the gamma radiation, Tr is the natural width of the excited state and 
A is the thermal Doppler width of the absorption line at the temperature 
Tes 

In order to obtain the number of quanta scattered from an actual 
scatterer into a detector, a numerical integration over the scatterer 
has to be carried out taking into account the fact that the scattered 
radiation will undergo additional electronic absorption, but will not 
be resonance scattered again because it is now off resonance due to 
recoil momentum losses. 

The integration can be performed numerically and Ofer and 
Schwarzschild (6) have evaluated the sum 

(-kx)" 

ml ¥(m + 1) 


for the range 0<kx<6 and the results are given in table 1. 


kx F kx F 

0 1.0000 3.2 0.1651 
0.2 0.8695 3.4 0.1524 
0.4 0.7585 3.6 0.1410 
0.6 0.6638 3.8 0.1310 
0.8 0.5830 4.0 0.1221 
1.0 0.5139 4.2 0.1141 
1.2 0.4547 4.4 0.1070 
1.4 0.4038 4.6 0.1006 
1.6 0.3600 4.8 0.09477 
1.8 0.3222 5.0 0.08954 
2.0 0.2895 Se 0.08480 
2.2 0.2611 5.4 0.08050 
2.4 0.2364 5.6 0.07657 
2.6 0.2149 5.8 0.07297 
2.8 0.1961 6.0 0.06968 
3.0 0.1796 


Table 1. Tabulation of the function F. (Ofer and Schwarzschild. 1959. ) 


An alternative to the numerical integration is to approximate the sum 
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by a function of kx which is easily integrated. An integrable 


approximation for the sum is given as follows; 


me (-kx)" ah + akx + a (kx)? | exp (-ékx) 28 
m! ¥(m + 1) 


Thus one obtains for the yield of scattered quanta 
b 


oan 


Sb) -= N(E)n (E.»x)¥nka [1 + akx + 8(kx)® | exp(-5kx) dx 
fe) 


where b is the thickness of the scatterer. For the geometry shown in 
fig.3 and considering the distances travelled by the incident and 


scattered radiation in the scatterer 


n,o n,o 
ANE ss) = exp] -( +t | 29 


and kx is replaced by kx/coso where ny is the total number of nuclei 
per cm? in the scatterer, 7 and O, are the cross-sections for electronic 
absorption on incidence and exit respectively. 07 is a good geometry 
electronic cross-section for the incident beam because even small angle 
Compton scattering will change the energy of the radiation sufficiently 
to eliminate it from the resonance region if it is originally in this 
region. However, in some experiments where the energy distribution of 
the incident gamma rays extends to higher energies far beyond the 
region of the absorption line i.e. for instance bremsstrahlung, Compton 
scattering, might change a quantum of higher energy into one of just 
the right (resonant) energy. While this possibility should always be 
considered, Metzger (7) found that its effect on the scattering 
experiment is usually negligible. Also, with the use of a comparison 
scatterer matched to give the same electronic cross-section as the 


scatterer being studied, any quanta Compton scattered into the resonance 
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region will appear as a background subtraction. 

On is the poor geometry electronic cross-section which is used 
for the outgoing radiation because of the possibility of scattering-in. 
Metzger (7) states that in his experience that a 20% reduction of the 
Compton cross-section for the outgoing beam represents a good correction 
for scattering-in effects. 

Thus the total number of resonantly scattered quanta S(b) from a 


scatterer of thickness b is given by the equation 


S(b) = | N(E.)¥mka}1 + akx + g(kx)* mie bk + 17% + M192 1x dx 
0 COSO” COS 6 coso coso coso} 


| 
| 
| 
= of 


with the substitution 


cosO cosd cosé 
the first integration becomes ; 


exp(-ax)dx = (1 - exp(-ab))/a 
0 


the second becomes; 


ak [ x exp(-ax)dx = ak ; bexp(-ab)/a + (1 - See | 
coso Jo coso 


and finally the third becomes; 
b 


ak x“exp(-ax) dx = _gk® stemtiiay - 2bexp(-ab) /a“+ 20cexp-ab)/ 42 
cos“o f°) cos 0 
Thus the total resonant yield is; 
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Table 2 gives sets of values of the constants 6, « and g for use in 


eq.30. If (kx) ax lies within the range indicated in the table, then 


30 


the yield as calculated with the approximation of Ofer and Schwarzschild 


will be correct to better than the maximum inequality as given in the 


table. 


Maximum 

inequality 

8 a 8 Range of (kx) in Eq. (2) 
0.66 0 0 0<kx<1.2 1% 
0.66 0 0 0<kxe< 1.6 SA 
0.65 —0.057 0.044 0<kv<2.2 1% 
0.57 —0.140 0.048 0<kx<5.0 3% 


~ Table 2. Values of the constants 6, a and g.(Ofer and Schwarzschild 
1959.) 


Since the conditions of many experiments lie within the range 
0 (kX) aye! 6 then in these cases one can use the values a=0, 8=0 
and 6=0.66. Thus eq.30 reduces to the simple form 


S(b)e= N(E.) ¥nka 1 (1 - exp(-ab)) 
a 


| 


N(E.)¥nka 1 - exp 


| 6k ; N77 ' Ny op Jol 
cos® . coso .cos¢ | 


5k N17 N10 
coso cosoO cosé 
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18 
SELF ABSORPTION EXPERIMENT 


The evaluation of the scattering experiment in terms of the 
level width is only possible if the shape of the incident gamma ray 
spectrum is known. Also a knowledge of the solid angle subtended by 
the scatterer at the detector and vice-versa plus the detector 
efficiency have to be known in order to calculate the number of 
resonance fluorescence gamma rays detected as a fraction of the 
total number of resonance gamma rays as given by eq.30. 

When a nuclear reaction serves as the source of the exciting 
radiation N(E) depends on the angular distributions and correlations 
of the reaction products, on the bombarding energy and thus on the 
target thickness and the excitation function. NCE) is also affected 
by the slowing down and the scattering of the recoiling target 
nucleus prior to the emission of the gamma radiation. Thus the lack 
of knowledge of one or several of these factors affecting N(E) 
becomes the source of considerable uncertainty in the determination 
of the width and hence the transition probability. 

The dependence on N(E.) is avoided in a self absorption 
experiment first proposed by Metzger (7), in which one measures the 


fractional reduction 


(0) ~ Noo(d))/N, (0) 32 


SC 
of the resonance scattering effect brought about by the insertion of 

an absorber of thickness d into the incident beam, the absorber being 
of the same material as the resonant scatterer. However, the dependence 
on N(E) is avoided only if N(E) is a slowly varying function of E. 


Before R is calculated according to eq.32, the counting rate No (4). 
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observed with the scatterer and the absorber in place, has to be 
corrected for the non-resonant electronic attenuation. In actual 
practice the effect of the electronic attenuation is eliminated by 
measuring N. (0) with an absorber made of a different element but 
giving rise to the same electronic attenuation. 

Considering first the case of a thin scatterer and a thin 
absorber, with N(E) a slowly varying function of E, the self 


absorption is 


[werogqteve - fuer = Nap (Edo, (E)dE . 


v(x,t, )v(x,t.)dx 
ah) a S 34 


where d is the absorber thickness in cms., ns is the number of 
resonant nuclei per cm? in the absorber and 
ole) = oe ONE izs, a 
max j 


where the subscript i has been introduced because the scatterer and 
the absorber may be at different temperatures and thus have different 


Doppler widths A. and A, respectively. If we assume that A.>T then 
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v(x,t,) takes the form as given in eq.12. 


Substituting one obtains 


(ee) 
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Ago/(n(a“+02)) 
where 94 and Jo are the statistical weights of the excited and ground 
States respectively. However, using the more general form of y as 
given in eq.10, the integral of the product of two Doppler integrals 


v(x,t, ) was shown by Bethe and Placzek (1) to have the value 
Tr 
5 vlos(trt,)/4] 


With this and putting totyat eq.34 becomes 
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fe) ] 
x ¥(0.5) 


R = nd(op) 


max 
2 13 
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2 
However, this general form of the self absorption R is very rarely 
used because for a large majority of gamma ray transitions A/r>100 
making eq.35 the more convenient expression. 

For pure resonance fluorescence eaves and thus it is seen from 
eq.35 that the main advantage of the self absorption experiment over 


the scattering experiment is its ability to yield the width ina 
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pure resonance fluorescence case with very little knowledge concerning 
the incident spectrum. 
For thick scatterers and absorbers, R has to be calculated using 


the form given by eq.26 and the self absorption R is given by 
= |$(b) - $(b+d)]/s(b) 


where b and d are the thicknesses of the scatterer and the absorber 


respectively. By analogy with eq.26 


S(xt+d)dx = ndx op(E)N(E)ng (E.x+d)exp [-nop (E)d] exp [-mxoy (E) fa 37 


O 
and following through the sets of eq.27 one obtains 


S(x+d)dx = dx N(E)ng(E. xtd)v¥rka ba eM (x + d) | 
ne raeee 


If one considers the same geometry as in fig.3 
Nac aX HG 5X 
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S(b+d) = | N(E,)yka f | -kahs +4))" ml /(m + | 
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Using the approximation of Ofer and Schwarzschild and since for the 


large majority of experiments O<(kx) <I. 6 then a=g=0 one gets 
b 
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Comparing eq.31 and 38 it is seen that if a self absorption 


measurement is made, the yield is reduced by the factor 
exp|-(sk + nyo,)d] 
Thus the self absorption R is given by 


R=] - exp| - (6k + nyo )d| 


The term exp(-n,o,d) gives the attenuation of the gamma rays 
in the absorber. However, when comparison scatterers and absorbers 


are used this term is omitted to give the self absorption R as 
R= 1 - exp(-skd) 


In the above formulae ny is the total number of nuclei per cm? in 
the resonant absorber. The effect of the non-resonant (electronic) 
attenuation of the incident beam is eliminated by performing the 
measurement of S(b) with a non-resonant absorber, which is matched 
to give the same electronic attenuation as the resonant absorber, 
in place of the resonant absorber. The two absorbers can be matched 
with the most appropriate gamma rays from the radioactive sources 


, 137 54 22 60 


Mn~, Na and Co so as to give the same electronic 


e 
attenuation of the radiation passing through it. Generally measure- 
ments in an experiment are done in the following order; 

a) Resonant scatterer and a non-resonant absorber 


b) Resonant scatterer and resonant absorber 


c) Non-resonant scatterer and one of the absorbers. 


38 
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—>» RESONANCE EFFECT (%) 


(0) & 8 12 16 
—+ ABSORBER THICKNESS IN G/CM2 


Fig.4. Attenuation of the resonance scattering from an arsenic 
scatterer by arsenic absorbers inserted between the source and 
scatterer. (Metzger 1957.) 


Fig.4 shows the effect of placing resonant absorbers of different 
thicknesses between the source and the scatterer from the article 

by Metzger (Phys. Rev. 110.) Fig. 5 shows typical results of the 
self absorption experiment obtained by Rust et. aZ.(8) for resonance 
scattering from Li? 

In a self absorption experiment the reduction of the resonance 
scattering by an absorber is studied. If this reduction, which 
usually amounts to only a small fraction of the scattering effect, 
is to be measured with meaningful accuracy, the initial resonance 
effect has to be large i.e. the lifetime of the transition has to 
be short. This means that the self absorption method is applicable 
to a more limited group of transitions than the scattering experiment. 
This is evident by the fact that the longest lifetime measured with 
the scattering method is v107?secs, while the longest lifetime 


studied with the self absorption method is a few times 107! secs. 
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Fig.5. Resonance scattering from Li’. (Rust et.al. 1969.) 
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TRANSMISSION EXPERIMENT 


In 1957 Smith and Endt (9) were successful in designing an 
experiment to measure lifetimes by using the transmission technique. 
Consider an excited nucleus in the target shortly after it has been 
formed by the absorption of a proton. It will be in motion in the 
direction of the proton beam with a velocity 


nov (Zea) 
Yom ma PP. 40 


M 


where M is the mass of the recoiling nucleus and Mm, and EY are the 
mass and kinetic energy of the proton, respectively. The high energy 
radiation emitted in the reaction studied is emitted long before any 
Slowing down by collision can possibly occur. Upon emission at an 
angle a with respect to the direction of the nucleus, a gamma ray 
from a transition of energy EG will receive an increment of energy 

Me eee 


i 
AE, = (v/c)E cosa = E, _p =e) coSa 4] 


M Cc 
Mp 


The energy which must be supplied externally in order that a photon 


may excite an identical nucleus to the same level as that from which 


it has been emitted is given by 


AE, = EC /Me“ 42 


2 


This energy difference being the sum of the two equal parts, one 
representing the loss of energy to the recoil of the emitting nucleus 


and the other to the recoil of the absorbing nucleus. Resonance 


AE, = AE 


fluorescence will occur when ] y) 


WB siiehintit nef vteesooue aaa Nee _ 
siipbatoed nabezimensss aft oniet va somthsy at ie 


sa wn ie . ; 


naad: Zen tf 7597s: vidoe sopisi aiff At ‘euet 
ait nt noftom at od [Tiw 31 .nodtorq 6 70 nattenacas ait 
viitogtsy 6 attw mead nodord ont won 
3043 

gay 
M, 


1s 
| 


att 946 4 brie at bas 2uaTouN pat fossy ods to 2zem ant 7 | 
yovane ha onl .\ylavidoagesy Notorq edt to yevsae: oiteniab 
yas Ssvoted phol baisime ef bofbute natdoeot ait ont’ best tre 9 


hie: 
tb ts noteeins nog .WwW230 yldtezog ABs fotze tT foo. vd oi 8 
ri 


61 emiisp © .euatoun oft to natiosrth, iF ot Saeqae" ine 
Yersits to tnomeyon7 ns. Sy iagor Phihw. of yersns to noitien 


rh +) ee ‘(eles = mnoa alow) = i> Ne 
Mi | | | - 
+, a ‘ 


mi 6 ted debr0 nt wilenisdxs. baifiggue: ‘sd re 
elt tare St ba feve! stiee ont ms ausfaua Lopate nk § 


26 


Thus equating eqs.41 and 42 one obtains for the resonant angle, Ot 


~ 2 
cosa, = E/v(2E mc ) 13 


The apparatus used to detect this absorption effect is shown 


schematically in fig.6. 


is placed 


NoI Crystal 


Fig.6. A schematic horizontal cross-section of the apparatus used 
to detect resonant absorption. (Smith and Endt 1958.) 


The appropriate element is placed in the collimator opening and the 
intensity of the full-energy gamma rays is recorded as a function of 


angle. Defining the absorption integral 
x1 


AY | A(a) da | (1 - T(a)) da 
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where A(a) and T(a) are the absorption and the transmission, 
respectively at the angle a. The absorption A(a) can be written more 


explicitly as 


co 


A(a) =} (1 - exp(-no,(E))) f(E - E') dE 44 


O 


D 


Where E is the energy of a gamma quantum incident on the collimator 
Slit, and n is the number of absorber nuclei per unit area. The 
average energy of gamma quanta incident on the slits follows from 


eqs.41 and 42 as 
Eee ene“ Meo a (urcyE eae 
0 0 epeae 45 


The function f(E - E') is normalised so that 


CLE = E") dae 1 
0 
and is the energy distribution of the gamma quanta which would be 
transmitted through the collimator in the absence of an absorber. 
The width of this function (the instrumental width) is determined by 
the width of the collimator slit and by the angular divergence of the 
protons incident on the target. The absorption cross-section is 


) = (20,41) iv Gees 
Y _ 46 


o(E 
2(20,41) 4m (E- EN) + er 
T and ae represent the total width of the excited state and the 
width for the ground state transition. Tf is used since one is not 
interested in the process de-exciting the absorbing nucleus, but 
only in the cross-section for the removal of photons from the beam. 


EG is the resonant energy such that 
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The absorption integral can now be evaluated using eqs.44 and 46 


nal oo ,oo 


A, =| Ala) da =| dE(1 - exp(-no(E))) f(E - E')da dE' 
dE ' 


O O 


done. } 
The factor ai is obtained by differentiating eq.45. As the integrand 
of the second integral differs from zero over a very narrow energy 
range this factor may be considered constant and is replaced by (S.) 


at resonance, yielding 


co 


(1 - exp(-no(E))) dE 47 


YO 


By substituting x = 2(E.- EA)/I 
and Meson 
aN SELLS orien ree EL 


O 
max 


One obtains 


O 


This integral appears in the analysis of neutron absorption curves and 
has been shown by von Dardel and Persson (10) to be expressible in 
terms of Bessel functions of the first kind with pure imaginary arguments. 
It is customary to denote these functions by 
I (z) = exp(-5inv) J (iz) 
where J (z) is the Bessel function of the first kind. Applying the 


results of von Dardel and Persson to eq.48 one obtains 


ro 49 


where F(no,..) is given by the formula 


| i eg o ; 4 : w * = i ies 
3h bie SP, eps pareu botsuleve sd won aso Texgatat notiqueede 
" ny - 7 iT, ae : 
“db ebt": 3 - a)? ({{ 3) on) gx9 = BEL. = »b (4A = ‘A: 
‘Ab | | | 


ny “y 


\\ 


; . a 2 nls ~b. ; > ua 
busvoosnt oft eA .2i.po-pnitsitaovsttrb Yd bentstdo ef ise (Osomere 
\ i? 


YpVaNns worwsn YISV & YevoO O19S MOTT aySTT Eb leipsint boooee sag 


Yi- 


(2) ud beostasy 27 ins snstanoa bevsbtenos sd Yom 7OSOBT ett ope 
w NS " 


Brean . Sonstoes “i 


4) on=)qxe - f) , ap a: 


i Hts 
YA hed WA i 0 
ou 
4 - da)§ = oni stud Phedue 
t Le 
1 "RATE OS) 2 
ants are xs ‘| 
ToS (f+ ROOT 
anveteael 
oe ae a. he 
gh xbI | an GXS i) S (yp) Ps ; 
LR +t o- 
. ’ 
DNB @eviwo nortqtoeds soysusn to ebeyl ens att Wh 2169qq6. isnpada iat 


i. a 
3 eS aiene er od ot (OF) ioaatatl bas febysd nov vd nwode need 26F 


oi ie 
wear . yd actiseiat leaaits “atonsb 08 vipmoteua 2F 
> r \ j ai 
are . —(sF), A (unik-)axs chi (s), y 
oye iv , 
ig eat entyragn bai seyit ont to nofsonuy face sil ait (x). , byedu 
: Bid 


| -2¢nemuy Ts wienipsmi stig Atiw bata seit arf to znoigonun Tecee8 Yo: am 


ie | atitstdo Sho Bh. ps. ot nozens% bas fob now oe 


23 


= at 1 1 
FAns NO max EXP ( 2 a Ce i ee) 


The function F( ) is plotted in figs.7 and 8. 
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If the ratio of the width age is known then eq.49 can be used to 


find r and hence Dag Also in principle it is possible to determine 
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r and Je from the variation of the absorption integral with absorber 
thickness since only one combination of r and Lis can fit the curves 
above at two or more points. 

In deriving eq.49 the thermal motion of the emitting and 
absorbing nuclei has not been taken into account. The thermal motion 
of the emitting nuclei merely contributes (negligible in this case) 
to the instrumental width. The thermal motion of the absorbing nuclei 
broadens the absorption line, however, and this reduces the peak cross- 
section. This has the effect of diminishing the self-absorption and 
thus of increasing the absorption integral. It is probably not 
possible to reduce the absorption integral to known functions when 
the correct Doppler broadened cross-section is substituted for that 
given in eq.46. However, Melkonian et. aZ.(3) have developed an 
approximation procedure for the analysis of neutron absorption 
integrals which can be adopted to find values of the level parameters 
in resonance absorption experiments. 

In order to correct the values of the level parameters for the 
effect of thermal motion of the absorbing nuclei an approximate value 
of rT is obtained by the method described above, on the assumption of 
no temperature motion. From this an approximate value of t = 24 is 
calculated. From the curves of Melkonian et. al., covering a large 
range of values of t and Nona? 2 correction is found which must be 
applied to the value of the absorption integral. A new value Owes 
then calculated and the procedure repeated until r reaches a 
stationary value. 


In the curves of Melkonian et. al. the quantity D is defined by 
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which gives the relative increase in area above the absorption curve 


arising from the Doppler effect. 


Fig.9. Effect of Doppler broadening upon the area above the trans- 
mission dip. (Melkonian et. al. 1953.) 


From the above analysis it can be seen that no assumptions 
need be made about the resolution of the apparatus, or the angular 
distribution of the resonant scattering, in order to arrive at 
unique results for the level parameters. Thus the transmission 
experiment is a very useful one, however, since the source of ex- 
citing radiation is from (p,y) reaction lifetimes of only high 


energy levels can be studied. 
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Fig.10. The effect of Doppler broadening upon the area above the 
transmission dip. D is plotted as a function of t for several values 
of NO ax’ (Melkonian et. al. 1953.) 
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RESONANCE FLUORESCENCE TECHNIQUES 


The conditions under which nuclear resonance fluorescence can be 
observed are rather limited. In general terms, one may classify into 
four groups the various means by which the loss of energy upon emission 
and reabsorption due to recoil losses may be overcome to a sufficient 
degree to permit resonant absorption to take place. These are; 

a 


Doppler broadening by increase of temperature 


Cc 


) 
b) Doppler broadening by previous emission and/or absorption 
) Doppler shift by mechanical motion 

) 


d) Doppler shift by previous emission and/or absorption. 

In addition there is another class of experiment which uses a 
continuous source of radiation, bremsstrahlung emitted by a betatron. 
Classed within the same group is the use of Compton scattered radiation 
as the source of excitation radiation. 


Each group will now be treated in turn. 
THERMAL METHOD 


This method, first introduced by Malmfors (11) in 1953, is based 

on the realisation that the overlap of emission and absorption line 

can be increased by increasing the Doppler width of either of these 
lines or both. For practical reasons the source is usually heated 

while the scatterer is kept at room temperature. The shape of the 
emission line and its position relative to the absorption line are 
depicted in fig.11 where E, is the energy of the centre of the emission 
line and E. the energy of the centre of the absorption line. If the 


source and the scatterer are at rest, Aes! eg EC/Mc*, Ee. being located 
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bb 
at Ereyey + E/amc® and E, a r EC /2Mc* Clearly, the 


y Elevel 
distribution of the exciting radiation is not wide compared with the 
absorption line, and for a thin target eq.24 has to be used. If Ae is 
the Doppler width of the emission line, the emission line has the 


pure Doppler form 
No(E) = (No/agyn)exp(-((E - E,)/4,)°) 


E2 
—2, = 0-64 eV 
Mc 


Emission 
line 


Absorption 
. ae gpfe) 


E. E evel E, 


Gamma-ray energy 


Fig.11. The Doppler form of the emission and absorption lines shows 
that the amount of overlap of the two lines is very small because 
of the recoil energy loss EC (Mc (Metzger (7) 1959.) 


Using eq.15 for the absorption line, the integration in eq.24 can be 


carried out. 
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) aN ary Ys 2 2\2 22 2 2 
= Nomax! exp & Agtey. 4a + (E476 A) exp] - E(4,+4,)-(EQ4,tE oe) dE 
2? EG Ae Zen 
A 
2 dig A, Ae (a,+4,) dah. tod A,4,7(4,+4,) 
: ; lon Zee 2 2 
substituting E'=E (a,+4,) - (E oa. + EA) 
Pre 
AAV (4.+40) 
ZEAL 
then dE' = dE v( Ath.) 
sede 
and one obtains 
0) A A 
Se Mo omaxe exp _(E,-E,) | exp(-E'2) dE! 
Zee Ze 
ev(A +A) dtd, fe 
0 Z 
s = No inaxl exp (E.-E..) 
2v(ae+ne) ac+ac 
ae ae 


o(E,) = astro /| cee = 


one obtains using eq.5] 


) 2 
abe) iS San exp o\Bese E 
2v(ae+ne) ac+nc 
ae ae 


since the integration of Ny fE) over E gives No: ae still refers to 
the peak value of the dispersive form cross-section in eqs.1, 2 and 
3, and where A, and Ae point out the possibility of having the 
scatterer and the source at different temperatures. It must be 


realised that the use of an average cross-section is only convenient 


for a thin scatterer for in thick scatterers o would depend on the 


: A, 
| ay te) ae ee 
va) Je Pa ere 9 85S) Ade lean * Rei ee: 
Ws, 26 F)-(Aaetaay 9 I? (7A SHEA ay)” a eae) 
fod. Spe af nade “jaxo | | So attetgl! wee aeheMle 
x. .5 if it. Se 5 a s. Ss 
( &* iy)\ 4 fy ‘ { i Kon { Ad i) B Lyi 77 
ae 6 9 am mel BO) Se he 9°°s 
e ~ | 
’ - S N 
{ j 3 t fh 3) -_ AT A 3 = 'y 
| es 5 ig ) 
~ Ee 
( tPA ACD 
9 § a 
fal 
és y\ 
“Se gbe 2) JD oe Te 
iy apa & PT iu 
7 w 7 
1 YY. ‘ r 
enfatdo she Bae 
i 1) 0) an 
botP Pusey | t= oH 
"4b \ ‘3-) 1A3 ; ) a, = | axe a ¥ $i o. 2 io 
hip Sata he 
€ \ oy . | (3° 5? . 4a 
s i 
ra q Hh 
fate oc) 6 ee na 26th : | 
i - “MAD Lin! \ A 
ra Bruin 
Ata ~ ht AYNS 
c 9° § hg ie 4 


#6 Tl .pt? mt aottous te 983 70t aottose-220%9 q0679V5 ais parked 
. . ‘a 


ry 


‘ . 7} 
cuit Se fe. ps: Rate: aa = 
ait | iS a eae ’ a 
. ‘erat {35.3} Wi Ta a bal ae ; 
a | cage gx kam =) (395 
: ) [ ated | { i ry Ws 
oan Sh | 4 6 * 
+9 OY od ; 
Pinte - avers Wtte: , igi! 2ovire a savo (2), ito nd CraawusilS it ¢ 
; a : 


ie ‘au ms fame fit poy mor ‘avienagetb ont ne 


bane Ue, é i ants ott phtvs to Yar td7r2e2og orft jue tatog. sf vas - a dw 
a ee he 


ee od } eum 9 0) abil tndt9t3 rh +6 99% bn br 
i £ 
as now —_ zi Noitase- ~22093 ae ne? fase “iit Age 


mo br ton © B erstereae sore 107 eile 
ae y a Ai 


; ae 


36 


thickness because of the change in N(E) through selective absorption. 
Comparing eqs.53 and 15 one notices that, for thin scatterers, the 
effect of the thermal agitation in the source may be taken into 
account by simply increasing the width of the absorption line to the 
value corresponding to the distribution of the thermal motion in the 
source and scatterer. In the general case represented in fig. 11, the 
exponential in eq.53 reduces o to such a small value that the 
observation of resonance fluorescence is not possible in the presence 
of the usual background. 

By setting E. - E> ES /Mc* in eq.53 and by expressing the Doppler 
widths in terms of the corresponding temperatures, the average cross- 


section is brought into a convenient form for the thermal method; 
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2 |= 2 2 
eeaO Mc Eas 
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2E ASUiSal 2k(T.+T,) 


For a given transition Orb reaches a maximum value if 
Siete 
k (1+ 7) = E/Mc 


i.e. if the Doppler width of the thermal motion equals the recoil 


energy loss 


Beste bce 
AER = ELVie 


The maximum value is then 


tome Bee cick rvn/2dEpy(2e) 


The ratio SpA Cori tees is plotted in fig.12 versus the source 
temperature Le for different gamma ray energies, keeping T=300°A 


and using an atomic weight of 200. From fig.12 one concludes that 
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the thermal method is most suitable for gamma ray energies between 
150 and 450kev. For smaller energies the overlap of the emission and 
the absorption line is largest at room temperature and does not 
depend much on the source temperature. For energies above 450kev the 
overlap has not reached an appreciable value even at the highest 
temperatures conveniently reached with radioactive sources in the 


laboratory. 


| 
a 
| 


A a Cree ah ee : 
0 1000 §6©.2000 )§=6963000 =64000 5000 6000 
Source temperature in °abs. 


Fig.12. Dependence of can on the source temperature for different 
gamma ray energies. The temperature of the scatterer is kept constant 
at 300°A and the atomic weight of the element of interest is assumed 
to be 200. (Metzger (7) 1959.) 


The typical experiment arrangement for the thermal method is 
shown in fig.13. Cylindrical ring scatterers are easy to build and 
afford rather uniform contributions of the different scatterer 
regions to the counting rate. 

The resonance effects with the thermal method are rather smal] 
compared with the non-resonant background. The largest thermal effect 
observed so far amount to 15% of the background counting rate. 
Consequently, the matching of the comparison scatterers has to be done 


quite accurately. One should, for instance, attempt to choose 
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Absorber [W,Au,Pb] 


Scatterer 


Cd-Pb absorbers 


Ses 


—-Photomultiplier 


Fig.13. Experimental arrangement for resonance scattering experiment 
using a heated radioactive source. (Metzger (7) 1959.) 


materials of comparable densities, otherwise the thickness of the 
matched scatterers is different and slight changes of the source 
position ( thermal expansion, slight volatilisation and redeposition) 
will result in a mismatch which might be incorrectly attributed to 


resonance scattering. 
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RADIOACTIVE SOURCES 


Several authors have suggested that the large velocities, 
imparted to the nucleus by the radiation preceding the gamma ray 
under study, could be utilised to restore the resonance conditions. 
However, initial experiments were unsuccessful, although the 
preceding beta decay had enough momentum to fully compensate for 
the recoil energy loss. The failure to observe resonance fluorescence 
was attributed to the slowing down of the recoiling nuclei by 
collisions suffered prior to the gamma ray emission. The collision 


-13 ='15 


times encountered lie between 10 and 10 seconds and thus the 


absence of a resonance effect establishes a lower limit of 107 !2 to 


fe seconds for the lifetimes of these gamma ray transitions. 


10° 
The use of liquids and gaseous sources would increase the slow- 

ing down time and thus possibly be sufficient to observe resonance 

fluorescence. A typical experiment of this kind was performed by 


Te and nasi 4 


Metzger (12), who with gaseous sources of radioactive As 
utilised the beta decay to observe large nuclear resonance effects 


Ne 


for the 835kev excited state of Ge and for the 596kev excited 


State of belt 

For the scattering type of experiment the geometry similar to 
that used in the thermal method was employed. However, as long as 
one is restricted to temperatures below 1200°C, only a few elements 
are sufficiently volatile for the present purpose. Thus one has to 
use compounds and among these hydrides are the best approximations to 


the free atoms, the mass of the hydrogen atoms being so small that 


the recoil velocities of the decaying nuclei are not much affected 
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by the presence or absence of the rest of the molecule. If hydrides 
are not suitable the halides are usually quite volatile. 

Metzger, however, used a source of AS, molecules. The gaseous 
form of the arsenic source was an essential condition for the 
observation of resonance fluorescence. This was demonstrated by the 
measurement of the temperature dependence of the resonance fluorescence 
effect. The results are shown in fig.14. Above AB2°C. the temperature 
at which the arsenic was in the vapour phase, the effect is 
essentially constant. This fact is especially welcome for angular 
distribution experiments because it disposes of the necessity of 


rigid controls for the source temperature. 


Resonance effect 


800 
Source temperature in °C 


Fig.14. Temperature dependence of the resonance fluorescence effect 
from a source of As’* The solid line represents the behaviour expected 
on the basis of vapour pressure data. (Metzger, 1956.) 

Metzger also performed a series of experiments to show the 


influence of collisions in AS sources on the resonance effect. This 


was done by increasing the density of the ASy vapour and the results 


are shown in fig.15. 
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——~= RESONANCE FLUORESCENCE 


—. DENSITY OF AS,-—VAPOR IN MG/ML 


Fig.15. Influence of collisions in AS, sources on the resonance 
effect from the 596kev level in Gels 
calculated using a molecular diameter of A610 “cm. 


. The solid curve was 


It is plainly seen that with the increase in density which 
thus leads to a decrease in the slowing down time of the recoiling 
nuclei there comes a point where the nuclei have slowed down so 


far that the gamma ray recoil energy losses cannot be compensated. 
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42 
CENTRIFUGE METHOD 


In this method one is dealing with radioactive nuclei which 
have loss all memory of the history leading to their formation i.e. 
they are in thermal equilibrium with the surroundings. 


The recoil energy loss Ee mee corresponds to a Doppler velocity 
. 2 
Vis baie) iG 55 


For low energy gamma rays (<500kev) in heavy nuclei, this amounts to 
a few times 10 cm/sec. Due to available materials it is seen from eq. 
95 that the centrifuge method is restricted to low energy gamma rays 
(<500kev) and favour heavier nuclei. 

Moon (13) in 1951 recognised the possibility of using an ultra- 
centrifuge to realise the necessary mechanical velocities in a 
convenient way. The general experimental set-up is shown in fig.16 


from the article of Metzger and Langhoff (14). 


ot 2 
———4 


SHIELDING 
(MALLORY 2000, Au, Pb) 


Fig.16. Experimental arrangement for the scattering experiments 
with the centrifuge method. (Metzger and Langhoff 1963.) 


Provided that the tensile strength of the rotor material is sufficiently 


large, the emission and absorption lines can then be made to coincide, 


: a a 
oan 3 aauararnag) aces) PT a a 
pat SRT Te 5 
U ; ’ - : y ’ ‘a ¢ | : * 


Bue | PAUSED E EON EOL 
dotdw tafoun svidosotbsy dtw onflssb 2r eno. boats erat at” 


6. } woftemio? viet ot onihsal wraterd sik to yiomem Tie: 
rac! | ia 
a | : 4 ye \. : 
-epnibovoywe sad Abtw mitadpiines, Tomvrerit | er * b Yee 


SL - | : 
yi faofsy yslqqod 6 oF ebnogesryoo “OM\>A geot Yeysns rosa at 7 
5 


; 
oe 
Rg 


2) 2v64 BANE. YOISAS wor 4 
| | ; a 
«Po MONT Ns92 ef GT 2lereten oi dslfave O93 SUC 382 VID. Of. emi 


od efnvoms erat .faloun yveod nt (vaNx00e 


t: 


bw 
e\yby SiS p YOTSsis wol oF odsdorTes) 2F BOnTS Spur ewass afd seat ce 
fora). 


“es 
— 
Ww 
Cem 


un YSfveor Wovat bas (vetoed ay 
u ‘| be . _ 
L , j ° ne od ~ 

“BTU NS Bata Yo xiii idi2eoq sdb bsetaposoy TeRhane (0) ‘neMMn./e 


6 nt. 2aitfoolsv fsatnsdoen vaseesoon sitt woh Gees 03 soyiase 


df.pit mt mwode zt qu-to2 feinemttedxe favanop sil yew ae ove 
\ Pa 
a . 4 i . + ‘ oer 2 : : i oe 
(BT). todpnst bis topstaht to -elotées seen 
1) 7 j 
i t : 
j Se 
2.9 
cy, B22 ay Muvay sednat 
WV yaaa SN ‘ 
AOS \"4 
f i di J \, aN Ah \ 2% 


\ % 


\\ Na) | Aaa at eee 
: ay ri Os 
ate ANN ib ne ir i j ‘ 
Se Jae is X a 


ae MS Ay ( % 6 
sonboe "yr x ANY \\ fs : et ere f 
SUN ANY ey ) 
at AN | | 
oI auaine 


(d9\uA POOSYROLJAMA 


wi 
ediomiyaqxe at fant 692 d54t 10h. diigeehoe ne tad it 


Len 


» 


(. E01 Hrodpnsd bas eoaist) ‘boritsin 9 
7 | ; . ) : . ah an 
; \tnafsttiue er ‘[stsosem “10¥0N ont 20 Hannes 


. 


- eabhontos ot # sb od tard nso ean far aed 


-_ ae 


To these 
aay 


oan es 


un a 7 


43 


giving rise to the largest possible resonance fluorescence effect. In 
practice, a finite cone of emission angles has to be accepted and the 
emission line is correspondingly broadened. As any deviation from the 
tangential direction results,in a lower velocity component, the 
average energy of the gamma rays hitting the scatterer will be some- 
wnat reduced and thus a slightly higher peripheral speed will be 
necessary to achieve the best overlap. 

The dependence of the average cross-section on the peripheral 


velocity Vp is obtained from eq.53 by inserting 


Ee = Ep - E“/Mc* + (vp/c)Ey 


A plot of the experimental counting rates versus rotor speed for the 


198 


4llkev level in Hg taken from the work of Davey and Moon (15) is 


shown in fig.17. Fig.18 shows the same situation but for the 506kev 


Val from the work of Metzger and Langhoff (14). 


and 576kev level in Sb 
In both cases the curve drawn through the experimental points was 
calculated on the basis of free recoils and using Doppler widths 


corresponding to the actual temperatures of the source and scatterer. 


Resonance effect 


0 200 400 600 800 
Source velocity (m/sec) 


Fig.17. Dependence of the resonance fluorescence effect on the source 


velocity for the 41lkev level in Hg! 98. (Davey and Moon 1953.) 
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——— RESONANCE SCATTERING —~ 


==/SOURCE. VELOCITY: (10° cm/sec) — 


Fig.18. Dependence of the resonance scattering on the source velocity. 
Circles refer to the 506kev radiation, triangles to the 576kev 


radiation from excited levels in spkehv(Metzeer and Langhoff 1963.) 


The main problems of the centrifuge method involve the stability 
of the rotor motion, the tensile strength of the rotor and the high 
source strength necessitated by the small cyclic duty and the poor 
geometry. The main advantage of the centrifuge method is the high 
‘signal to noise’ ratio that can be achieved. If the room background 
is considerable, the ‘signal to noise' ratio can be improved if the 
detecting system is gated as in the article by Metzger and Langhoff. 
The gate was initiated by a light beam reflected into a photo- 
multiplier tube by a mirror mounted on the drive shaft of the 
centrifuge. A properly placed second photomultiplier turned off the 
gate. In this way the analysers were gated everytime the source moved 
into the region where the direction of the emission of the gamma rays 


striking the scatterer subtended an angle of less than 30° with the 


tangent to the source path. 
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NUCLEAR REACTIONS 


Nuclear reactions in light nuclei are convenient sources of 
gamma radiation for resonance fluorescence studies. Because of the 
higher excitation of the levels, a large fraction of the gamma ray 
transitions are sufficiently short lived to exhibit Doppler broadening 
even for solid targets since the recoiling nucleus will have not 
suffered collisions with the target material before emitting the gamma 
ray. 

This Doppler broadening and shift of the emitted gamma rays is 
often orders of magnitude larger than would be needed for the 
compensation of the gamma recoil energy losses. This is a serious 
handicap as far as background is concerned, but it is, on the other 
hand, of considerable advantage because it allows the excitation of levels 
in other nuclei which fall into the energy region covered by the emitted 
Spectrum. 

If the lifetime of a level is such that some slowing down of the 
excited nuclei in the target material takes place before the emission 
of the gamma radiation, a self absorption experiment has to take the 
place of the scattering experiment because the exact shape of the 
energy distribution of the exciting radiation will be uncertain. 

The excessive magnitude of the Doppler broadening in nuclear 
reactions results in a very low concentration of the resonant gamma 
rays and thus increases the importance of general and machine background. 

However, a more important source of background are the neutrons 
created in the machine. These neutrons are captured by the materials 


surrounding the detector, giving rise to high energy capture radiation. 
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The reduction of the neutron background is one of the most important 
preliminary tasks before resonance fluorescence studies with nuclear 
reactions can be undertaken. Even for protons, which are the most 
favourable bombarding particles, the target materials have to be 
carefully selected, avoiding elements with low (p,n) thresholds. 

The first resonance scattering experiments with a nuclear 
reaction as the source of the exciting radiation was carried out by 
19 a)0!6 
provided the source of two Doppler broadened lines of 6.91 and 7.12 


Mev which were used to excite the corresponding states in g!6, In 


Swann and Metzger (16) with the reaction F . This reaction 


this case, since a considerable number of (p,a) reactions are exo- 
thermic and allow production of high energy gamma rays at moderate 
bombarding energies the neutron background is generally quite low. 
Metzger, Swann and Rasmussen (17) used the inelastic scattering 
V1 oa as the source of the Doppler broadened 2.14Mev 


reaction B (p,p') 


gamma radiation to observe resonance fluorescence from the first 
excited state of pl! The peculiarity of the (p,p') reaction is the 
possibility of self absorption in the target which was avoided with 
the (p,a) reactions where the target element differs from the 
element of the residual nuclei. For most nuclear resonance fluorescence 
experiments, the self absorption is rather small and the restrictions 
imposed on the source not severe. 

Another problem of the (p,p') reaction is that the protons 
provide the major portion of the momentum and the excited nuclei are 
emitted in a forward cone. Since the gamma recoil energy losses are 


small compared to the inomenta of the excited nuclei, the resonant 
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gamma rays for the element serving as the target material are emitted 
almost at 90° with respect to the direction of motion of the excited 
nuclei. Thus, there exists angular regions in which no resonant gamma 
rays are found and this severly restricts the choice of scatterer 
positions and renders angular distribution studies difficult. The 
situation is shown graphically in fig.19 from the article by Metzger, 


Swann and Rasmussen (17). 


B"Op p') Bll” (2. 
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Geometries: 
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Fig.19. Resonance fluorescence from the 2.14Mev excited state of all 


Triangles represent the pulse height distribution of the resonance 
radiation (position A). Circles were obtained with the scatterers 
placed in the non-resonant position B. (Metzger et. al. 1958.) 


Smith and Endt (9) (18) have used gamma rays from proton capture for 
use in a resonance transmission experiment. The general theory of tnis 
method is given in the section on the transmission experiment. Figs.20 
and 21 show typical transmission curves for resonance absorption using 
the experimental technique of Smith and Endt. In each case the 
absorption integral can be determined from these curves. The simplicity 
of the experimental arrangement and the modest bombarding energies make 


the proton capture process an attractive gamma ray source for resonance 
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RESONANT 
ABSORPTION 


COUNTS +4/4x10° MONITOR COUNTS 


ce) 28 


TURNS OF SCREW (0144) TURN) 
Fig.20. Resonant absorption of the 7.9Mev gamma rays from p3! as a 
function of angle. The arrow shows the centroid of the absorption 
peak, and the indicated angle is that calculated theoretically. 
(Smith and Endt 1958.) 
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Fig. 21. Resonant absorption of the 12.33Mev gamma ray from aie’. sues 


is the resonant material. (Smith and Endt 1958.) 


transmission studies. Another advantage of this method is the freedom 
from assumptions regarding non-resonant scattering, and the spectral 
composition of the incident radiation which has permitted the attainment 


of low relative errors not easily obtained in other resonant experiments. 
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49 
BREMSSTRAHLUNG AND COMPTON SOURCES 


The first successful resonance fluorescence experiment using a 
continuous source of bremsstrahlung as the exciting radiation was 
performed by Hayward and Fuller (19). More recent work has been done 
by Beckman and Sandstrom (20) and Booth (21) (22). 

The use of a continuous source of gamma rays introduces great 
difficulties due to background from competing scattering processes. 
However, among these inelastic Compton scattered radiation can be 
eliminated by choosing large scattering angles. Elastically scattered 
Rayleigh and Thompson radiations are not very intense with light 


3 


nuclei since they are proportional to Z~ and ae respectively. For 


this reason all bremsstrahlung experiments have been performed with 


V2 and ne 


light nuclei such as C 

Bremsstrahlung has advantages over gamma ray excitation, the 
main advantage being that no extra energy must be supplied to ensure 
resonance. The incident photon intensity varies slowly with energy 
and thus it is possible to calculate and measure it. The knowledge 
of N(E) was the main disadvantage of the scattering experiments and 
with bremsstrahlung this problem is overcome. A further advantage is 
that any level, including possible unknown levels, may be explored 
without the difficulty of finding gamma rays of sufficient relative 
intensity. 

Cormack (23) suggested in 1954 that a gamma ray beam with an 
energy spread of a few kev and a mean energy which may be varied 
continuously could be obtained by the use of the Compton effect in 
a primary scatterer. Applying the laws of conservation of energy 


and momentum in the interaction of a gamma ray and a free electron, 
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the following expressions for the energy E of the Compton scattered 


radiation is obtained; 


2 
= + (1 - coso)/m ¢ 56 


where EG is the energy of the radiation incident on the scatterer, 
Mo is the rest mass of the electron, and 0 is the angle in the 
laboratory space between the initial and final directions of the 
photon. Fig.22 illustrates the effect for the 1.33 and the 1.17Mev 


gamma rays from Goo 


E ooh? MEV Pe 
eeigned an ey eae, 


Fig.22. Energy variation of gamma radiation undergoing Compton 


scattering (Cormack 1954.) 


The energy spread 4E due to a spread in scattering angle Ao 


is given by the formula 


(Ee /myc?) sind AO 


oye 


5/7 
(1 + E,(1-coso)/m oc 


Fig.23 shows this energy variation per unit angle of Compton 


60 
scattered radiation for the two gamma rays from Co. 
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Fig.23. The energy spread per unit angle (Mev per radian) of the 
Compton scattered radiation as a function of the scattering angle 
for the gamma rays from a C0°? source. (Cormack 1954.) 


Experiments using the Compton process, however, were not done 
until 1962 due to the non-availability of intense sources of gamma 
rays. The first was done by Mouton et. al. (24) followed in 1967 and 
1968 by similar experiments performed by Tandon and McIntyre (25) 
and Rust et. al. (8) 

Tandon and McIntyre (26) designed an apparatus to produce a 
variable energy gamma ray beam utilising gamma rays scattered by the 
Compton effect. The apparatus is shown in fig.24. 

The woes source, the aluminium scatterer, and the target 
containing the nuclei to be studied are all placed on the circumference 
of a 2 metre radius circle. According to plane geometry all gamma rays 
leaving the coe source which scatter from the aluminium scatterer and 
strike the target will have scattered through the same scattering angle 
oa. Thus all the gamma rays striking the target will have the same 
energy. This apparatus produced a gamma ray beam having an energy 
resolution of AE/E=2.5% where AE is the full width at half maximum. 


Using a similar form of apparatus but with a fo" source of 


strength 4000 curies Rust et.al. obtained results shown in fig.5 
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Fig.24. A scale drawing of the apparatus designed to obtain a variable 
energy source of Compton scattered gamma rays.(Tandon and McIntyre 1968) 


and fig.25 for resonance absorption experiments on vgikenee and Nae? 


respectively. 

This method has advantages over the bremsstrahlung technique, for 
if the energy levels below the one of interest are excited by the more 
numerous low energy gamma rays of the bremsstrahlung further background 
will be introduced. Systematic errors in the lifetime measurements 
should, in principle, be smaller for the Compton scattering technique 
than for the bremsstrahlung technique. However, the energy range using 
the Compton method is limited and the bremsstrahlung technique is more 
versatile in this respect. Both techniques, however, suffer the problems 
of background from elastic Rayleigh and Thompson scattered gamma rays 


and thus they are restricted to studies in the low Z region. 
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Fig.25. Results are shown for resonance fluorescence of the 0.771Mev 
and the 0.439Mev level of Na“ 
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SECTION 2 


EXPERIMENTAL ARRANGEMENT 


The experiment was performed using a plutonium-beryllium source 
placed in the centre of an aluminium drum, 20ins. in diameter, 
containing paraffin wax. The following reactions lead to the gamma 
ray spectrum seen in fig.26. 


230 228 


a + Be” > a Puhietee yy 
nt p a oo 
paraffin 


Compton scattering of the gamma rays within the drum then leads to an 
effective continuous gamma ray source. 

To estimate the Compton efficiency of the source the spectrum 
was compared with that of the C12 (ppt )cx!? reaction carried out on 
the University of Alberta's 6 Mv van de Graaff at proton bombarding 
energy of 5Mev. Using the same Ge(Li) detector the peak to Compton of 
the 4.44Mev decay of cxlé was compared to that from the plutonium- 
beryllium source. It was found that the latter contained a sufficiently 
large increase in the Compton scattered gamma ray background to observe 
fluorescence. 

In order to increase the Compton efficiency further experimental 
runs were done by placing nine different thicknesses of sheet 
aluminium (0.052ins. to 0.863ins.) between the source and the detector. 


However, it was found that the increase in the Compton efficiency was 


effectively nullified by the attenuation of the gamma rays by the 
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FIG.26. GAMMA RAY SPECTRUM (30mins. ) 
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aluminium sheet. 

The typical scattering experiment to observe resonance fluorescence 
would be impracticable in my case due to the effective size of the source 
i.e. the diameter of the aluminium drum. Thus the self absorption 
technique was adopted and the experimental apparatus is shown schemmatic- 
allyyin fig.27. 

As can be seen a large absorber is necessary in order to shadow 
the scatterer from the source. This imposed a restriction on the type 
of resonant absorber and hence the resonant scatterer to be chosen. The 
two isotopes of copper, cue? and Gat provide several excited nuclear 
levels whose lifetimes are known to be in the sub-picosecond region and 
hence in the range of application of the resonance fluorescence 
technique. Thus copper was chosen as the resonant scatterer. 

Iron was chosen as the comparison scatterer and absorber since 
its electronic density and atomic Compton absorption cross-section is 
nearly the same as that of copper. 

The thickness of the iron was so chosen that it had the same 
gamma ray electronic attenuation as that of copper. This was done 
using et and igh Sources since their emitted gamma rays are off 
resonance for the excited levels of both copper and iron. Their 
energies also span the region of interest from 0.66Mev to 1.8Mev. Thus 
a good comparison could be obtained for the gamma ray electronic 
attenuation in copper and iron for the whole region of interest. Table 3 
gives the results obtained for the best comparison between the copper 


and iron absorbers. The final column gives the ratio, expressed as a 


percentage, of Ney - Neo to Ney where Noy and Neo are the total number 


of counts in the respective gamma ray peak of the source with the 
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copper and iron absorber respectively. The errors quoted are just the 
Statistical errors. It is seen that a very good comparison between the 
gamma ray attenuation in copper and iron was obtained. In terms of 

their thicknesses, the attenuation by 1.27cm. of copper was equivalent 


to that by 1.39 cm. of iron. 


eT _. caenee ee | 
| -N | 
SOURCE | ENERGY Cu" Fe vigog | 
LEVEL N 
Cu | 

jn = == _ eM oe Be ee 
0.66Mev + 0.53% ] 
1.17Mev + 0.40% | 
Z ee Le et EEL, | 
Co | 1.33Mev | 1.45 + 0.412 | 


Table 3. Results of the gamma ray attenuations obtained for the 
comparison scatterer iron compared to that of the resonant scatterer 
copper. 


The lead cone in the apparatus was so shaped such that the virtual 
apex of the cone was at the centre of the source. This lead cone 
effectively zeroed the number of direct gamma rays to the detector and 
hence background problems by this means were diminished greatly. Fig.28 
shows the spectrum obtained with the lead cone between the plutonium- 
beryllium source and the detector for the same running time as that for 


the spectrum obtained in fig.26. The gamma ray reduction is clearly seen. 
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FIG.28. GAMMA RAY SPECTRUM AS, SEEN THROUGH LEAD CONE 
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EXPERIMENTAL PROCEDURE 


The resonance self absorption is given by the formula 


R = S(0) + S(d) 58 


S(0) 
where S(0) is the number of counts in the peak of interest without 
the resonant absorber and S(d) is the number of counts in the same 
peak with a resonant absorber of thickness d inserted between the 
source and the resonant scatterer. This formula can be made more 
explicit in terms of the copper and iron scatterers and absorbers 


as 


(Cu Cu 


Fe Fe pe) (CUgy-Fep,) 


(Cur ,-Fer,) 


where the notation for the various experimental runs is; 


Cur, = copper scatterer, iron absorber 
CUcy, = copper scatterer, copper absorber 
Fer, = iron scatterer, iron absorber 
Fecy = iron scatterer, copper absorber. 


The subscripts refer to the absorber used in each run. Hence four 


separate runs are required to obtain the necessary information. 


The detector used was a 48c.c. Ge(Li) detector whose pre- 
amplifier signal was fed into a Tennelex TC 203BLR amplifier the 
output of which was then fed into a 2048 channel ADC. This was on 
line to a 360 Honeywell computer. Each run was stopped after 104000 


secs and the spectrum was then 'dumped' from the Honeywell to a SDS 
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920 computer where it was recorded on magnetic tapes. 

Due to the lengthy running times, read outs of the spectrum 
were taken every 20000secs to check that no electronic gain shifts 
occurred by observing the relative spacing of the peak points. No 
such gain shifts were observed in any of the four runs completed. 
Figs.29 to 32 show the spectrums obtained for the four experimental 
runs performed. It is noticed that the backgrounds in all are very 
nearly the same showing that a good comparative attenuation was 


obtained for the comparison absorber and scatterer, iron. 


The Fer, run is effectively the background to the Cur, run. 
Fig.33 was obtained by subtracting the spectrum of the Fer, run 
from the Cur, run and adding a 1000 counts to each channel. This 
was done on the SDS computer using a subroutine 'ATOB'. This sub- 
traction eliminates any counts from the resonance peak which may not 
have occurred by resonance fluorescence as is the case when gamma 
rays of higher energy than the resonance energy are Compton scattered 
into the resonance region by the scatterer. Room background is also 
subtracted out by this method. 

Similarly fig.34 shows the subtraction of the effective back- 
ground run, Fea from the Cu, run. In both figs.33 and 34 the 
negative peaks are those due to resonance fluorescence effects in the 
iron comparison scatterer. This was another reason for the choice of 
jron as the comparison scatterer since its excited energy levels and 
their decays are off the resonance energy regions for the two copper 


isotopes. 


From the previous figures the energy level configuration of 
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both cu® and Cu-~ can be determined up to 2Mev and these are shown 


Metig'. oor 


A neutron monitor gave no reading when placed against the 
aluminium drum showing that the neutron flux was negligible outside 
the drum. A more sensitive test on the neutron background was done 
by placing a slab of copper 5"x5" and 1" thick between the lead 
cone and the detector. It was assumed that the lead cone would 
effectively eliminate the gamma flux but not the neutron flux. No 
scatterer or absorber was used in the run which was 104000secs long. 
The spectrum obtained was very similar to that of fig.28 with a 
small indication of the presence of copper peaks. As the gamma flux 
is in fact not negligible and hence a small amount of resonance 
fluorescence could occur in the copper it was assumed that any stray 


neutrons would not affect the results to any appreciable extent. 
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| a FIG.29. Cu-. EXPERIMENTAL RUN.’ 
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FIG.35. ENERGY LEVEL CONFIGURATIONS OF Cu~ AND Cu ~. 
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EXPERIMENTAL RESULTS 


For the resonance self absorption technique using comparison 
scatterers and absorbers the formula to be used in the calculation 


of the nuclear excited level lifetimes is given by eq.39. 


R = 1 - exp(éskd) 
O 
where ie NO nay iT 
2A 


; ‘ : ee 
and n is the number of resonant type nuclei per cm~ in the rescnant 


Scetterer. The Doopler width is given by 


v1 
- Ej2kt)> 
a = 2a 


where K is Boltzmanns constant. The lifetime of the nuclear level 


is then given by 


nh 
r 


For pure resonance fluorescence where the ground state transition is 


the cnly possible means of de-excitation 


Ne 
Cmax  2n 9 
but for photoexcitation followed by the et mode of de-excitation 
Gaia Ne Lond 
Cmax 20 9 re 
; daar 71 
where g is the ratio 2 ] 
ZU, tral 


Since the Coppler width A is calculated using the Maxwellian 
distribution for the velocity distribution of the absorbing nuclei, 
to make it applicable to solid absorbers Lamb (4) has shown that the 


absolute temperature T must be replaced by an effective temperature 
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FIG.36. GRAPH OF THE DEBYE FUNCTION. 


V2 


lace given by the formula F 


ees al ake ay 
ee fe onal 
4 cS a a 


fe) 
where 0 is the Debye temperature of the resonant scatterer. This 
integral is the Debye integral and cannot be calculated by analytic 


vs. t was 


means. Thus in order to calculate T a graph of 
eff et fe 


plotted as shown in fig.36. The area under the curve was found by 
counting squares and the effective temperature of the copper scatterer 
at a room temperature of 297°A was calculated to be 37-8 

Table 4 shows the results of the calculations to obtain the 


= Be Column two gives 


lifetimes of the excited levels of Cu-~ and Cu 
the energies of the excited levels as obtained in this experiment 

and as shown in fig.35. The third column gives the accepted spin 
changes in de-excitation to the grouna state which then leads to the 

g factor, the ratio of the statistical weights of the spins of the 
excited and ground states as shown in coiumn four. The fifth column 
gives the branching ratios from the excitea to the ground state and the 
final column the lifetimes of the respective excited levels given in 
picoseconas. 


The errors shown are the results of the accumulation of the 


statistical errors involved in the four 'peak-backgrcund' subtractions 


and the one division as given by eq.59. 
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TABLE 4. EXPERIMENTAL RESULTS 


ENERGY SPIN 
ISOTOPE LEVEL CHANGE 
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DISCUSSION 


The eleven excited energy levels of the two isotopes of copper, 


af 
a and cos as obtained in this experiment are in very good 


Cu 
agreement with published results. The use of a Ge(Li) detector gave 

an energy resolution of 1.27 kev/channel which made the identification 
of the higher energy levels possible. The use of Nal detectors in 
previous resonance fluorescence experiments made it impossible to 
consider the extraction of results for the higher energy levels where 
resonance yields are low. 

In this experiment, due to the large statistical errors involved 
in the 'peak-background' subtractions arising from the small size of 
the peaks, reliable results could not be obtained for the 1.546 and 
1.863Mev levels in cues as well as the 1.624 and 1.726Mev levels in 
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Cu-~. However, results were obtained for the other levels each of 


which will be now discussed in turn. 


yo 


Cu-~: 0.670Mev level. 


The result obtained of 


qeq (4.1 H 1.1)x107!3sees. 


is in agreement with other published results. Cumming et.al. (27) 
using the resonance fluorescence technique and the gamma rays from 
the B decay of a Baas source as the resonant radiation obtained 


Bree CY Pui) halley 42a 


Rothem, Metzger and Swann (28) using gaseous and liquid sources of 


ee obtained the result 


a Pd fa oar a (Sb 


SeCS. 
In 1964, Booth, Chason and Wright (29) using the bremsstrahlung 


technique obtained a lifetime of 
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t= (4.32 1 6yKIO sees, 
and in 1965 Eswaran et.al. (30) using the Doppler Shift Attenuation 
Method obtained a lifetime of 


tl CMa iste: ice eee 


Cues 0.962Mev level. 


This level has also been studied by the above authors and they 


obtained the following results with the references indicated 


ques (7eoe Tee cece 27) 
re SsOpt i186 nde. ssecse (28) 
c= (9.3 £ 3.0)x107'3secs. (29) 
bBo Coiateclatas iva (el Us daria esti 


McIntyre and Tandon (25) in their first attempt at using a variable 


energy source of Compton scattered gamma rays obtained the result 
‘did Heo Oy (i sisi 
accurate to within a factor of 2. Robinson, McGowan and Stelson (31) 


measured the lifetime by the Coulomb excitation process and obtained 


-13 


i 620 x10 or Secs:. 


t = (6.1 
Comparing the result obtained in this thesis of 

sme u 3.0)x107 | secs. 
with the above published results, it is seen to be in agreement with 


them within the error bars. 
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Cu-~: 1.327Mev level. 


In this case Eswaran et. al.(30) obtained the lifetime 
mon! (8. 30 eONgNKIO secs. 
and Robinson, McGowan and Stelson (31) the result 


PO=NOLT 2 1.2)x107 3secs. 
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The lifetime for this level was calculated to be 
c= ((702 2 A200? esees . 


and is in good agreenient with the two above results. 


cue: 1.412Mev level. 


As of yet no data on the lifetime of this level is available 
and the result obtained of 


tut, (3.0.44 u\c10 . i eecs. 


establishes the lifetime as being less than 8 x10" !Ssecs. 


yo? 


Cu: 0.7/70Mev level. 


In considering this level account had to be taken of the 
cascading gamma rays from the 1.624Mev level. However, there is only 
a 6% branching ratio to the 0.770Mev level from the 1.624Mev level 
and thus the correction was very small. 

Eswaran et. al. (30) obtained a lifetime of 

qraa(hy3 E 0:3)x107 secs: 
and Booth (21) using the bremsstrahlung technique obtained the value 
r= ((1665 4 0)759x10slesecs. 


Rust et. al.(8) using a variable energy source of Compton scattered 


gamma rays obtained the result 


qrse( 144 & 0.5)x107!3secs. 


Hence the value obtained in this thesis of 


ciee(1ea thot6)x107! Ssecs: 


is in very good agreement with the above results. 


cue”: 1.116Mev level. 
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r= (9.52 Be oMLO dS secs% (31) 
Beard (32) and Kaipov et. al.(33), who both used the resonance 


fluorescence technique obtained the values 


ibAdtecared aorrse dcx 


nF 3 


and t = (6.5 1.6)x107! secs..!; 


respectively.The result obtained in this thesis had to be corrected 
for the gamma rays cascading from the 1.482 and the 1.624Mev levels 
and the value obtained 

t= (6.4 * 6.5)x107 | 3secs 


is in agreement although the result has a large statistical error. 


cu”: 1.481Mev level. 


Although this peak was small its lifetime was calculated but 


the error is correspondingly large. The result 
r= (5,8 = 17.3)x10" oseus. 
approximates the values obtained by Eswaran et. aZ.(30) and Robinson, 


McGowan and Stelson (31), 
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respectively. 

It is surprising that other authors who have used the resonance 
fluorescence technique to obtain lifetimes using NaI detectors have 
small statistical errors. It appears that they have only considered 
the statistical errors involved in two 'peak-background subtractions 
1.@. Cur, ~ Cucy and Cur, - Ferg: and hence their errors are 
correspondingly smaller. It is for this reason that a few of the results 
obtained in this thesis have been stated with errors even though their 


individual errors are large compared to the result. 
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The technique described in this thesis is a new method of 
obtaining nuclear level lifetimes by the resonance fluorescence approach. 
The method is similar in some ways to the bremsstrahlung technique, 
however, the effective continuous energy spectrum has a flatter 
distribution and thus does not suffer the same magnitude of background 
at the low energy end of the spectrum as is the main problem with the 
bremsstrahlung technique. This flatness of the spectrum of incident 
radiation allows a number of nuclear levels to be investigated at the 
same time. The use of a radioactive source as the means of obtaining 
the effective continuous energy spectrum replaces the use of an 
accelerator and hence the method is practicable in almost any laboratory. 

Using a Ge(Li) detector a better energy resolution and background 
subtractions were obtained compared to that obtained in previous 
resonance fluorescence experiments where NaI detectors were used. Hence 
the method also affords an accurate means of obtaining the energy levels 
of the isotope under study. Thus the technique could be used as a 
useful laboratory experiment for undergraduate students to give them 
some insight into nuclear physics. 

The effective size of the source used in the experiment is the 
main disadvantage of the method at present. It leads to the use of a 
large resonant and comparison absorber. Due to the size of these 
absorbers the number of isotopes that can be studied by the method is 
limited. 

Another problem is the lengthy experimental running times involved 
since electronic gain shifts must then be considered as well as the 
percentage increase in the background. A more intense source is 


preferable to overcome these problems and it would at the same time 
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lead to better statistical accuracy in the results. Using a more 
efficient Compton scatterer i.e. one with a large Compton to absorption 
ratio, with an intense source would lead to a smaller effective source 
size and hence to a smaller resonant and comparison absorber. 

However, when one compares the problems of the other resonance 
fluorescence techniques, such as the thermal, centrifuge and Compton 
scattering methods, with those of the technique described in this 
thesis and when one also considers the simplicity and the intrinsic 
accuracy of the method, it could well become extensively used in the 
future as a 'tool' to study nuclear lifetimes by the resonance 


fluorescence technique. 
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